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Abstract 

Nanoparticles  created  by  the  laser  ablation  of  YBCO  are  reported.  The  experimental  procedure  entailed  pulsed  laser 
deposition  (PLD)  of  YBCO  at  a  high  background  pressure  of  5  Torr  02.  The  sizes  of  the  nanoparticles  range  from  ~3 
to  5  nm  and  are  typical  of  the  depositions  made  using  laser  energies  of  50  mJ  per  pulse.  Optical  emission  spectroscopy 
was  used  to  characterize  the  PLD  plume.  Under  nanoparticle  deposition  conditions,  the  visible  plume  emission  is  very 
weak.  Even  so,  the  distribution  among  electronically  excited  states  cannot  be  described  by  a  single  temperature.  The 
plume  remains  collisionally  dynamic  even  at  high  pressures  and  low  laser  energies  and  retains  considerable  excitation 
when  nanoparticles  are  formed. 

©  2002  Published  by  Elsevier  Science  B.V. 

PACS:  74.72. B;  74.60.G;  81.05.Y 
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1.  Introduction 

The  high  temperature  superconducting  (HTS) 
YBa2Cu307_x  (YBCO)  coated  conductor  has  dem¬ 
onstrated  the  ability  for  excellent  performance  at 
liquid  nitrogen  temperature  maintaining  current 
densities  above  105  A/cm2  even  at  a  few  tesla  [1]. 
Even  so,  improvements  can  still  be  made  in  its 
overall  properties  as  well  as  in  producing  longer 
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lengths  of  the  conductor  [2].  Achieving  these  im¬ 
provements  will  allow  availability  of  the  YBCO 
coated  conductor  for  a  variety  of  applications. 
Some  of  the  commercial  applications  of  the  YBCO 
conductor  include  power  transmission  cables,  fault 
current  limiters,  transformers,  generators  and 
motors.  The  military  is  actively  pursuing  HTS 
motor  and  generator  development  programs  that 
will  eventually  incorporate  the  YBCO  coated 
conductor  as  it  becomes  available  [3]. 

A  variety  of  methods  are  used  to  deposit  the 
YBCO  such  as  chemical  solution,  MOCVD, 
combustion  chemical  vapor  deposition,  and  pulsed 
laser  deposition  (PLD)  [4-9].  Even  though  many 
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of  the  methods  have  demonstrated  the  ability  to 
deposit  YBCO  with  >106  A/cm2,  77  K,  self-field 
on  small  samples,  PLD  is  still  largely  used  for 
depositing  high  quality  YBCO  films  because  of  the 
technique’s  past  capability  to  readily  create  these 
high  quality  samples.  However,  PLD  is  usually 
considered  a  more  expensive  method  for  produc¬ 
tion  of  long  lengths  of  coated  conductor  and  hence 
the  pursuit  of  other  methods  of  fabrication.  Even 
so,  Los  Alamos  National  Laboratory  has  demon¬ 
strated  higher  rates  of  deposition  by  PLD  using  an 
industrial  laser  [10]. 

The  high  temperature  superconductors,  type  II 
superconductors,  at  typical  operating  tempera¬ 
tures  do  not  exhibit  the  full  Meissner  effect  but 
allows  the  penetration  of  quantized  magnetic  flux 
tubes  or  vortices  through  the  material.  As  such, 
the  effectiveness  of  the  superconductor  is  de¬ 
creased,  for  example,  as  lower  in-field  critical 
current  densities.  Such  losses  can  be  minimized  by 
the  addition  of  defect  sites  within  the  film  that  will 
help  pin  the  magnetic  vortices  to  the  defect  [2]. 
Methods  for  generating  different  types  of  defects 
for  flux  pinning  as  well  as  the  associated  effects 
is  still  a  subject  of  investigation  [8,11-15]. 

One  possible  type  of  defect  that  might  be  useful 
for  flux  pinning  in  YBCO  is  nanoparticles  of 
alternate  material  dispersed  throughout  the  super¬ 
conductor.  Nanoparticles  are  extremely  small  pieces 
of  matter  that  have  dimensions  on  the  order  of  a 
few  nm.  It  may  well  be  possible  to  use  nanoparti¬ 
cles  of  YBCO  itself  as  the  defect  sites  for  flux 
pinning.  YBCO  must  be  appropriately  textured  or 
oriented  since  the  supercurrents  flow  through  the 
planes  perpendicular  to  the  c-axis  of  the  material 
and  the  YBCO  nanoparticles  may  not  be  prop¬ 
erly  aligned  or  even  phased.  Even  so,  subsequent 
growth  of  oriented  YBCO  may  well  be  affected  by 
the  presence  of  the  nanoparticles,  but  this  is  pres¬ 
ently  not  known.  For  the  purposes  of  flux  pinning 
all  that  is  needed  are  for  the  nanoparticles  of 
YBCO  to  act  as  defect  sites.  The  advantage  of 
using  YBCO  for  the  nanoparticles  as  opposed  to 
some  other  material  is  compatibility  and  no  addi¬ 
tional  target. 

In  recent  years,  there  has  been  considerable  in¬ 
terest  in  elucidating  the  mechanism(s)  responsible 
for  the  strong  photoluminescence  arising  from 


nanometer-sized  structures  in  porous  Si  [16-18]. 
This  prompted  several  studies  in  which  nanopar¬ 
ticles  of  Si  were  generated  by  pulsed  laser  ablation 
[19-29].  These  studies  demonstrated  that  such 
particles  can  indeed  be  generated  in  this  way  and 
that  the  nanoparticle  size  distribution  is  deter¬ 
mined  by  a  number  of  factors  including  target- 
substrate  distance,  repetition  rate,  and  the  atomic 
weight  of  the  background  gas. 

The  nanoparticles  of  Si  were  generated  by  car¬ 
rying  out  the  laser  ablation  of  Si  at  fairly  high 
pressures  (on  the  order  of  several  Torr)  [30,31]. 
Presumably,  the  mechanism  for  nanoparticle  gen¬ 
eration  involves  ablation  of  primarily  atomic  spe¬ 
cies,  and  the  nucleation  of  these  atoms  into 
nanometer-sized  particles  by  virtue  of  the  high 
background  pressure.  This  identical  procedure  was 
adopted  to  synthesize  nanoparticles  from  YBCO 
in  situ.  This  paper  reports  on  the  feasibility  of 
synthesizing  YBCO  nanoparticles. 

2.  Experimental 

The  experimental  procedure  entailed  irradiating 
a  YBCO  target  of  bulk  material  in  a  typical  PLD 
chamber  used  for  making  thin  film  YBCO  with  the 
output  of  a  KrF  (2  =  248  nm)  excimer  laser  at  a 
high  background  pressure  of  5  Torr  02.  02  was 
used  since  this  gas  is  used  for  deposition  of  thin 
film  YBCO.  The  laser  was  operated  at  a  4  Hz 
repetition  rate  with  an  energy  between  40  and  200 
mJ  per  pulse.  The  target  to  substrate  distance  was 
25  mm  with  a  deposition  time  of  2  min.  The  heater 
assembly  was  replaced  with  an  assembly  to  catch 
the  nanoparticles  that  consisted  of  a  single  crystal 
Si  substrate.  As  such  the  substrate  was  not  heated. 
A  number  of  experiments  were  carried  out  that 
entailed  ablating  the  same  YBCO  target  used  pre¬ 
viously.  The  particles  thus  synthesized  were  ana¬ 
lyzed  by  transmission  electron  microscopy  (TEM), 
by  atomic  force  microscopy  (AFM)  and  by  scan¬ 
ning  tunneling  microscopy  (STM).  A  holey  carbon 
substrate  was  used  to  collect  the  particles  for  the 
TEM  analysis. 

Optical  emission  spectroscopy  was  also  used 
to  characterize  the  PLD  plume  under  nanopar¬ 
ticle  deposition  conditions.  An  Acton  0.25  m 
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monochromator  and  Princeton  Instruments  1024 
element  diode  array,  or  Optical  Multichannel  An¬ 
alyzer  (OMA),  with  a  fiber  bundle  coupled  to  a  3.5 
cm  diameter,  3.0  cm  focal  length  lens  was  used  to 
resolve  the  visible  emission  from  the  plume.  The 
instrumental  resolution  was  0.4  nm  with  a  68  nm 
bandwidth.  As  many  as  34  spectral  segments  were 
acquired  to  span  the  wavelength  range  0.25-1.0 
pm.  The  OMA  was  employed  in  a  non-gated  mode, 
providing  a  time  averaged  spectra  for  80  laser 
pulses.  The  system  was  calibrated  for  relative 
spectral  response  using  an  800  K  blackbody  source. 
In  addition,  a  Canon  XL-1  digital  video  camera 
was  used  to  record  time  integrated  plume  imagery. 

3.  Results  and  discussion 

Shown  in  Fig.  la  and  b  are  AFM  micrographs 
of  the  deposited  YBCO  material  produced  by  50 
and  100  mJ  laser  pulses,  respectively.  This  micro¬ 
graph  in  Fig.  la  was  obtained  from  a  substrate 
that  was  placed  25  mm  from  the  target.  The 
spherical  shapes  seen  in  this  micrograph  confirm 
that  nanoparticles  of  YBCO  were  synthesized  by 
laser  ablation.  The  sizes  of  the  particles  in  this 
micrograph  range  from  ~3  to  5  nm  and  are  typical 
of  the  depositions  made.  The  micrograph  shown  in 
Fig.  lb  is  representative  of  the  depositions  ob¬ 
tained  by  using  laser  energies  of  100  mJ  per  pulse 
or  higher.  No  nanoparticles  are  seen  at  the  higher 
laser  energies  and  the  substrate  is  covered  by  a 


continuous  amorphous  film.  These  results  are 
consistent  with  the  TEM  results — higher  laser  en¬ 
ergy  produces  no  nanoparticles. 

3.1.  Nanoparticle  formation 

Fig.  2a  displays  a  TEM  micrograph  represen¬ 
tative  of  the  nanoparticles  grown  using  a  laser 
energy  of  50  mJ  per  pulse.  This  figure  was  obtained 
in  the  dark  field  mode,  meaning  that  light  areas  in 
the  figure  represent  regions  of  the  deposit  that 
were  crystalline.  Examination  of  this  micrograph 
under  higher  magnification  indicates  that  these 
particles  are  on  the  order  of  5  nm  and  indicates 
that  nanoparticles  were  synthesized  from  the 
YBCO.  Shown  in  Fig.  2b  is  the  electron  diffraction 
pattern  obtained  from  the  same  sample.  The 
presence  of  rings  in  the  pattern  confirms  that  the 
material  is  indeed  crystalline;  however,  the  width 
of  the  rings  (the  fuzziness)  indicates  the  crystallites 
to  be  very  small  with  dimensions  on  the  order  of  a 
few  nm. 

The  interaction  of  nanosecond  laser  radiation 
with  the  target  results  primarily  in  the  ejection  of 
neutral  and  singly  ionized  atomic  Ba,  Y  and  Cu.  If 
this  is  done  in  a  high  vacuum,  the  ejected  atoms 
leave  the  target  with  hyperthermal  energies  (on  the 
order  of  several  eV’s)  and  continue  their  rectilinear 
trajectories  until  they  strike  an  appropriate  sub¬ 
strate.  Thereby,  a  thin  film  of  the  target  material  is 
formed  on  the  substrate.  This  is  the  basis  for 
conventional  PLD.  If,  on  the  other  hand,  the  laser/ 


Fig.  1.  AFM  micrographs  of:  (a)  YBCO  nanoparticles  and  (b)  amorphous  YBCO. 
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Fig.  2.  YBCO  nanoparticles:  (a)  TEM  micrograph  (dark  field  mode)  of  nanoparticles  grown  using  a  laser  energy  of  50  mJ  per  pulse 
and  (b)  electron  diffraction  pattern  obtained  from  same  sample. 


material  interaction  occurs  at  a  high  pressure  (a  plume  extends  only  about  7  mm  from  the  target.  In 

few  Torr),  the  ejected  species  are  more  quickly  contrast,  for  oxygen  pressures  of  about  200  mTorr, 

thermalized  by  the  ambient  gas.  This  allows  them  typical  of  YBCO  superconducting  film  production, 

sufficient  time  to  nucleate  in  the  gas  phase  to  form  the  plume  fills  the  25  mm  distance  to  the  substrate, 

molecules  and  larger  conglomerations.  If  the  resi-  The  high  pressure  plumes  are  considerably  less 

dence  time  of  these  species  in  the  gas  phase  is  stable  and  an  interesting  Y-shaped  structure  is 

sufficiently  long,  the  background  pressure  is  high  often  observed.  One  leg  of  the  Y-shape  is  directed 

enough,  these  particles  can  agglomerate  to  make  normal  to  the  target  surface.  The  second  leg  of  the 

nanoparticles  of  the  target  material.  plume  is  directed  along  the  incident  laser  beam. 

However,  from  the  results  presented,  the  for-  The  visible  emission  spectra  from  the  high 

mation  of  the  nanoparticles  is  clearly  not  only  a  pressure  plumes  were  recorded  in  the  wavelength 

function  of  the  higher  pressure  but  also  of  the  laser  range  0.25-1.0  pm  at  about  0.4  nm  resolution  for 

energy.  There  are  several  possible  explanations.  laser  energies  of  40-200  mJ.  A  small  segment  of 

One  possibility  is  that  the  plasma  generated  by  the  the  spectrum  near  650  nm  for  a  laser  energy  of  200 

higher  energy  laser  pulse  is  too  energetic  to  allow  mJ/pulse  is  shown  in  Fig.  3.  Atomic  emission  lines 

nanoparticles  to  be  thermalized  and  agglomerate  from  neutral  and  singly  ionized  Ba,  Y,  and  Cu,  as 

within  the  25  mm  nucleation  zone.  Another  pos-  well  as  molecular  emission  from  YO,  are  readily 

sibility  is  that  the  nanoparticles  were  indeed  identified  throughout  the  spectra.  The  spectrum 

formed  under  the  100  mJ  conditions  but  were  of  Fig.  3  was  chosen  to  illustrate  the  seven  fine 

subsequently  destroyed  by  exposure  to  the  (higher  structure  lines  from  the  neutral  barium,  Ba  I 

energy)  flux  of  ablated  material  at  100  mJ,  or  the  (5d6p  3DJ  — ►  6s5d  3Dj)  transitions.  The  intensity 

nanoparticles  themselves  have  sufficient  kinetic  has  been  calibrated  to  correct  for  relative  spectral 

energy  to  dissociate  upon  impact  with  the  sub-  response.  A  least  squares  fit  of  the  data  to  a  series 

strate.  of  Lorentzian  broadened  lines  is  also  shown  and 

was  used  to  determine  the  relative  intensities  of  the 
various  spectral  features.  The  relative  intensities 
3.2.  Optical  diagnostics  are  linearly  proportional  to  the  number  density  of 

the  emitting  states: 

Nanoparticle  formation  is  observed  only  when 
the  visible  plume  emission  is  nearly  totally  extin-  h_  _  ( Apk_ 

guished.  At  the  5  Torr  oxygen  pressure,  the  visible  h  \Ajx 
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Fig.  3.  Portion  of  the  visible  plume  emission  spectrum  showing  the  seven  components  of  the  Ba  I  5d6p  3D°  — »  6s5d  3D  fine  structure. 
The  spectrum  was  fit  to  a  series  of  Lorentzian  profiles  (•  •  •)  to  determine  the  relative  intensities  of  the  various  spectral  features. 


where  /*  ==  intensity  of  emission  from  state  i, 
Aik  =  spontaneous  emission  rate  from  state  i  to 
state  k ,  and  Nt  =  number  density  in  the  emitting 
state  i. 

The  intensities  of  isolated  spectral  features  were 
determined  to  less  than  5%  for  all  but  the  weakest 
lines.  For  blended  lines,  such  as  the  feature  near 
X  =  649.7  nm  involving  both  Ba  I  and  Ba  II  lines, 
the  fraction  of  the  intensity  attributed  to  each 
feature  is  poorly  determined,  with  errors  exceeding 
50%.  The  spontaneous  emission  rates,  A%,  were 
obtained  from  a  recent  compilation  [32]. 

Fig.  4  shows  the  visible  emission  from  neutral 
Ba  (■)  1P1  %  at  2  =  553.5  nm,  Y  (♦)  2D°5/2  -> 

2D5/2  at  X  =  643.5  nm,  and  Cu  (o)  2Py2  — >  2D5/2  at 
X  =  510.6  nm,  as  a  function  of  laser  energy.  Note 
that  there  exists  a  common  laser  energy  threshold 
for  significant  emission  near  40  mJ.  The  visible 
plume  emission  is  very  weak  under  conditions  for 
YBCO  nanoparticle  formation.  Apparently  the 
plume  must  be  depleted  of  most  of  its  energy  be¬ 
fore  the  formation  of  nanoparticles  can  be  sup¬ 
ported.  Both  gas  phase  clustering  and  the  survival 
of  deposited  YBCO  nanoparticles  would  be  aided 
by  a  less  energized  PLD  plume.  The  relative  in- 
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Fig.  4.  Emission  intensity  from  neutral  Ba  (■)  !Pi  — >  at 
2  =  553.5  nm,  Y  (♦)  2D°/2  2D5/2  at  X  =  643.5  nm,  and 

Cu  (O)  2t*3 /2  2C>5/2  at  X  =  510.6  nm,  as  a  function  of  laser 
energy. 
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tensity  of  the  three  atomic  species  is  determined  by 
the  electronic  state  distribution  and  does  not  re¬ 
flect  the  total  atomic  content  in  the  plume.  The 
approximately  linear  dependence  on  laser  energy 
suggests  the  emission  intensity  depends  primarily 
on  the  total  number  of  ablated  atoms. 
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The  plume  retains  high  electronic  temperatures 
and  significant  ionization,  even  at  the  lower  laser 
energies  associated  with  nanoparticle  formation. 
The  distribution  of  electronically  excited  state 
populations  can  be  determined  from  the  emission 
spectra  [33].  The  relative  amplitudes  of  the  various 
lines  can  be  used  to  extract  an  electronic  temper¬ 
ature  using  a  Boltzmann  distribution: 

^  =  A Eij/kBT  (2) 

Nj  gj  K  ’ 

where  Nj  =  number  density  of  emitting  state  y, 
gi  =  2/  +  1  =  degeneracy  of  state  /,  A EtJ  =  energy 
difference  between  state  emitting  states  i  and  y,  and 
T  =  electronic  temperature. 

A  single  electronic  temperature  does  not  ade¬ 
quately  represent  all  the  observed  spectra,  indicat¬ 
ing  that  the  plume  is  dominated  by  non-equilibrium 
kinetics.  However,  the  temperature  obtained  from 
comparing  the  neutral  yttrium  2D °5f2  — >•  2D5/2  and 
4Fy/2  — >  4F7/2  emission  lines  as  shown  in  Fig.  5, 
indicates  only  a  weak  dependence  on  deposition 
laser  energy.  The  distribution  among  the  fine 
structure  split  3Dj  states  shown  in  Fig.  3  is  best 
represented  by  a  temperature  of  T(Ba3D)  =  1100± 
400  K.  The  error  bound  is  considerably  larger  since 
there  is  a  significantly  smaller  energy  difference 
between  these  states.  Regardless,  the  distribution 


Fig.  5.  Electronic  temperature  for  the  PLD  plume  with  a  5  Torr 
oxygen  background  pressure  as  derived  from  the  relative  in¬ 
tensity  of  the  neutral  yttrium  2Ds/2  2D5/2  and  4F°/2  — ►  4F7/2 

emission  lines. 
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Fig.  6.  Relative  concentration  of  Ba  II  2P°2  and  Ba  I  as  a 
function  of  ablation  laser  energy  per  pulse. 


among  electronically  excited  states  cannot  be  de¬ 
scribed  by  a  single  temperature,  and  the  plume  re¬ 
mains  collisionally  dynamic  even  at  high  pressures 
and  low  laser  energies. 

Similarly  the  ionic  content  of  the  plume  is 
shown  in  Fig.  6.  The  ionization  potential  for  bar¬ 
ium  is  5.19  eV.  Clearly,  the  plume  retains  consid¬ 
erable  excitation  even  when  the  total  plume 
emission  is  low  and  nanoparticles  are  formed. 


4.  Conclusions 

These  results  demonstrate  that  it  is  feasible  to 
synthesize  nanoparticles  from  YBCO  by  PLD.  The 
nanoparticles  were  synthesized  by  the  same  system 
that  was  used  to  deposit  YBCO  thin  films.  Other 
than  the  substrate  temperature  which  may  not  be 
important,  the  primary  change  was  the  back¬ 
ground  pressure  of  oxygen  and  the  laser  energy. 
YBCO  nanoparticles  are  only  formed  under  low 
laser  fluence  and  high  oxygen  pressure  conditions 
where  the  visible  plume  is  largely  quenched.  It 
may  be  possible,  although  not  demonstrated  here, 
to  produce  YBCO  thin  films  with  nanoparticle 
inclusions  for  enhanced  flux  pinning.  Although 
there  are  several  important  issues  that  need  to 
be  addressed  with  an  actual  demonstration  of 
the  proposed  pinning  mechanism,  the  creation 
of  the  nanoparticles  themselves  has  been  demon¬ 
strated. 
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